Renal hemodynamics and sodium excretion were investigated in two groups of patients with cor pulmonale: group 1 was in heart failure at the time of study, and group 2 had previously been in heart failure. These subjects, who were virtually or potentially in heart failure, were exposed to various levels of oxygenation in order to aggravate acutely or relieve their chronic anoxia. The compensatory adjustments in kidney function to these changes in oxygen tension and their implications constitute the substance of this report. HE SEQUENCE of cardiodynamic events which terminates in cor pulmonale is initiated and perpetuated by pulmonary insufficiency and pulmonary vascular disease. The resultant anoxia, pulmonary hypertension, polycythemia, and hypervolemia not only contribute directly to the cardiac burden, but serve as stimuli to maintain each other. Anoxia is a highly significant factor in the genesis of cor pulmonale. Its role, for example, in causing polycythemia,' increase in coronary flow2 and cardiac output' seems well established. In the subject who is chronically anoxic while breathing room air, the cardiopulmonary stresses of even slight activity cause further arterial desaturation. The effects of acute anoxia are thus superimposed upon the unremitting cardiac load of chronic anoxia. When chronic cor pulmonale has been established, the usual terminus is respiratory or circulatory failure.
Renal hemodynamics and sodium excretion were investigated in two groups of patients with cor pulmonale: group 1 was in heart failure at the time of study, and group 2 had previously been in heart failure. These subjects, who were virtually or potentially in heart failure, were exposed to various levels of oxygenation in order to aggravate acutely or relieve their chronic anoxia. The compensatory adjustments in kidney function to these changes in oxygen tension and their implications constitute the substance of this report. HE SEQUENCE of cardiodynamic events which terminates in cor pulmonale is initiated and perpetuated by pulmonary insufficiency and pulmonary vascular disease. The resultant anoxia, pulmonary hypertension, polycythemia, and hypervolemia not only contribute directly to the cardiac burden, but serve as stimuli to maintain each other. Anoxia is a highly significant factor in the genesis of cor pulmonale. Its role, for example, in causing polycythemia,' increase in coronary flow2 and cardiac output' seems well established. In the subject who is chronically anoxic while breathing room air, the cardiopulmonary stresses of even slight activity cause further arterial desaturation. The effects of acute anoxia are thus superimposed upon the unremitting cardiac load of chronic anoxia. When chronic cor pulmonale has been established, the usual terminus is respiratory or circulatory failure.
The role of the kidney in cor pulmonale has not been adequately elucidated although isolated evaluations of renal function in indi- Aided by a grant from the CGmmonwealth Fund. 703 vidual patients have been reported. The present investigation was undertaken with several goals in mind. A prime purpose was the study of renal hemodynamics and sodium excretion in subjects with cor pulmonale. For comparison, these functions were determined in subjects who were, and in others who were not, in heart failure at the time of study. We hoped, by means of the results derived from these subjects who were virtually or potentially in heart failure, to clarify the renal contribution to the development of the congestive state in cor pulmonale. In addition to measurements made at rest while breathing room air, renal function was similarly determined in these patients during exposure to gas mixtures containing oxygen concentrations which were either higher or lower than room air. The effects of anoxia on kidney function in normal subjects have been reported by Caldwell, Rolf, and White4 and Berger, Galdston and Horwitz.5 However, anoxia does not occur in the daily existence of the normal subject unless he ascends to high altitudes. Nor is it of significant degree in the subject in congestive heart failure due to the common causes (arteriosclerosis, rheumatic fever, etc.). Patients with cor pulmonale are not only chronically anoxic but are continually suffering periods of acute anoxia. We attempted by the use of low oxygen mixtures to reveal the renal mechanisms which are induced in Circulation, Volume III, May, 1951 these patients by the recurring daily episodes of acute arterial oxygen desaturation. Conversely, high oxygen mixtures were given in the attempt to unmask compensatory renal mechanisms which are continuously elicited by the chronic anoxia. Such mechanisms are not revealed by studies performed under the usual conditions of rest and room air. 6 A parallel study of pulmonary function and cardiodynamics by cardiac catheterization was performed in the laboratory of Dr. A. Cournand. These results not only supplemented the clinical evaluation of our patients but also made possible a correlation between cardiac and renal function in cor pulmonale.
CLINICAL SUBJECTS
Fifteen patients were included in this study. One patient, WT. B., was studied twice, once while in the hospital and subsequently following restoration to ambulatory status. Approximately half of the subjects were derived from the wards or cardiac clinic of the First Medical Division (Dr. D. W. Richards, Jr.) of Bellevue Hospital. The others were made available to us by the Fourth Medical Division The significant biographical and clinical data about each patient are included in tables 1 and 2. The subjects ranged in age from 21 to 74 years, but nearly all were over 45 years old.
For the purpose of comparison, the subjects were divided into three groups: Group 1. Three subjects who were free from known heart or kidney disease and constitute, together with other normals studied in this laboratory, the control group. Subject W. K., suspected clinically of having generalized arteriosclerosis, may have had similar changes in the vessels of the kidneys. Group 2. Nine subjects with cor pulmonale who had all been in heart failure at some time prior to study (table 2) but were not in heart failure at the time of study. Subject A. P. was of interest because an exsanguinating hemorrhage had reduced him hematologically from a state of polycythemia to anemia. Group 3. Four subjects with cor pulmonale who were in heart failure at the time of study. Three were in heart failure despite treatment with digitalis, mercurials (stopped at least 10 days prior to the renal studies), low salt diet, bed rest, phlebotomy, and bronchial vasodilators. One subject (E. L.) had entered the hospital one week previously in manifest heart failure and was recovering from this initial attack of heart failure.
All of the above subjects were hospital patients except W. B. (no. 5), A. Y., D. C., B. B., and A. D., who came to the hospital solely for renal function tests.
In the patients with cor pulmonale, the clinical and x-ray diagnosis of chronic lung disease was confirmed by the pulmonary function studies done in Dr. Cournand's laboratory.7 The subjects with pulmonary insufficiency due to emphysema showed the characteristic reduction in vital capacity, maximum breathing capacity, and arterial oxygen saturation, as well as an increase in arterial carbon dioxide content, a residual air greater than predicted, and a high alveolar nitrogen after seven minutes of breathing pure oxygen.8 The one subject with diffusion fibrosis of unknown etiology (M. H.) characteristically failed to show any significant degree of pulmonary emphysema or spirometric evidence of ventilatory obstruction. Following exercise, the low level of resting arterial oxygen saturation (85 per cent) fell further to 62 per cent. Physiologically she represents an instance of diffusion fibrosis, with alveolar respiratory insufficiency.9
The criteria for the diagnosis of chronic cor pulmonale were those of the American Heart Association. These include chronic pulmonary disease, right heart enlargement (including right ventricular hypertrophy by electrocardiography), marked cyanosis, accentuated pulmonic second sound, and the absence of any other demonstrable etiology for the heart disease. In 3 of the subjects with cor pulmonale (M. H., M. M., and J. Mc.) the additional diagnosis of arteriosclerotic heart disease was suspected because of the patient's age. However, the clinical evolution in each instance was that of right heart failure, suggesting that arteriosclerotic heart disease contributed little, if at all, to the symptomatology. This was further substantiated by autopsy in patient J. Mc. one month after the renal function tests, where anatomic evidence for cor pulmonale with insignificant arteriosclerotic changes was found.
The functional and therapeutic cardiac classification represents the state of the subject at the time of study (table 1) hours of the renal clearance studies. Three others (A. D., B. B., A. P.) had been similarly studied previously and because of the constancy of the measurements for cardiac output and intracardiac pressures it was felt that little more would be gained by another cardiac catheterization. Data on 2 of these patients, A. D. and B. B., are detailed elsewhere.'0 In no instance were renal clearance studies and cardiac catheterization attempted on the same day, since the combination of these procedures would increase the discomfort of the patients and promote an unsteady state. The data obtained by cardiac catheterization were used to supplement clinical criteria for cardiac failure and to obtain an integrated picture of the circulation in cor pulmonale.
Since the subjects were exposed under similar circumstances to identical concentrations of inspired oxygen in both laboratories, comparisons were made of hemodynamic responses of the heart and kidneys to the various levels of oxygenation. Regardless of the presence or absence of heart failure, and despite frequent phlebotomy, all of the subjects with cor pulmonale but 1 (A. P.) had increased hematocrits and total blood volumes at the time of study. Plasma volumes were less significantly increased. The low hematocrit in patient A. P. is ascribable to recent profuse epistaxes. All of the subjects with cor pulmonale also had some degree of arterial desaturation, ranging from 93 to 64 per cent, as contrasted with the normal arterial saturations in the control subjects. Despite the variation in salt intake, the serum sodium did not usually vary significantly from the normal. The individual values for serum sodium and protein are listed in table 1.
All of the patients were studied in the postabsorptive state. Although all the patients with cor pulmonale were receiving digitalis daily prior to study, none had received oral or parenteral mercurial diuretics for at least 10 days prior to study. METHODS AND MATERIALS All studies were done in the morning on resting subjects at least 12 hours after the last meal. Hydration for the renal clearance studies was accomplished by the ingestion of two to four glasses of water the evening prior to the study, and the morning of the study. One to two glasses of water were administered at approximately hourly intervals during the study to maintain diuresis. Renal clearances were determined in the supine position, using inulin as a measure of glomerular filtration rate" and p-aminomlippurate (PAH), at low plasma levels, to measure effective renal plasma flow (hereafter referred to as renal plasma flow).'2 By correction for hematocrit, determined in Wintrobe tubes after 30 minutes centrifugation at 3000 revolutions per minute, renal blood flow was calculated. The tubular excretory capacity (Tm) for PAH was calculated in 4 subjects where the load to Tm ratios exceeded 2.11 Blood samples were collected into heparinized tubes from an indwelling brachial artery needle inserted under local Metycaine anesthesia at the start of the experiment. In each instance, following the establishment of adequate plasma levels by calculated priming injections, the concentrations were maintained by means of a constant infusion of these substances in water, delivered intravenously by a calibrated pump at the rate of 1.4 cc. to 2.8 cc. per minute. Retention catheters and bladder washouts with 30 to 60 cc. of distilled water followed by 30 to 60 cc. of air were used to collect the urine. For the determination of proteinuria, the diluted urines were evaporated to their original volumes in cellophane bags. Plasma concentrations were plotted semilogarithmically against time and the representative concentration extrapolated from the midpoint of each collection period.'3 All reported observations represent the average of two to four (usually three) clearance periods.
Following control studies on room air, renal clearances were repeated using various concentrations of inspired oxygen in nitrogen. These included 21 per cent, 30 per cent, 16 per cent, and 10 per cent, varying with the desired level of arterial oxygen saturation. In 1 patient with cor pulmonale (W. B.) and 1 control (W. K.) 38 per cent oxygen in helium was administered. The concentration of inspired oxygen and the resultant arterial oxygen saturation and pressure are indicated in table 2. The gas mixtures were administered by mouthpiece through demand-type valves, following application of a nose-piece. The method of administration of these mixtures for renal clearances was identical in every respect to that used for the determination of cardiac output and intracardiac pressures in these subjects and in a previous study. 6 Approximately two and one-half to five minutes of equilibration to a new gas concentration were permitted before the clearance period was started. The urine formed during the equilibration period was discarded. The total time of exposure to each level of oxygenation is indicated in table 2. The patient breathed room air without the mask for approximately 15 minutes between exposures to each successive oxygen mixture.
Renal vein catheterization was performed under fluoroscopy by the technic of Warren, Brannon and Merrill'4 to determine the renal extraction ratios of PAH at various levels of oxygenation. The position of the catheter in the renal vein was verified subsequently by the extraction ratios for oxygen. Mean blood pressures were obtained during each clearance period, using a calibrated aneroid manometer or mercury manometer connected to the brachial artery needle by a short rubber tube containing heparinized saline. Renal venous pressures and peripheral venous pressures were obtained using a saline manometer with the reference level 6.6 cm. below the angle of Louis.'5 00 mos * .. 1 0 -00 01 01 00 _ 0 e e 00 _ -_ _c000 CO X 0 0 0 0 05 0 00 0 00 0000 0000 0 00000 0 0N 0 0 s rs r-001 0.1 u:
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OeD oOO cO N > 00 00 CO0 000000000-00 CO 0.1 t -0 CeO 00 C 00 CO0.0s The cardiac catheterization studies were identical with those previously described from Dr. Cournand's laboratory. 10 Inulin was determined by a modification of Harrison's method as described by Goldring and Chasis.'2 PAH, free and conjugated, was determined by the method of Smith and associates.'6 Blood samples for oxygen determination were drawn anaerobically and were analyzed in duplicate by the method of Van Slyke and Neill.17 The arterial partial pressure of oxygen was determined directly by the method of Rileyl8 or calculated from the arterial oxygen saturation and pH as determined by
The pattern of change is illustrated in figures 1 and 2.
In contrast to the 3 control subjects, all patients with cor pulmonale had some degree of arterial desaturation at rest (64 to 93 per cent). Following exposure to 16 ., a subject with cor pulmonale who had previously been in heart failure but was not in heart failure at the time of study. The responses to variation in level of oxygenation are illustrated. Significant depression of renal plasma flow and increase in filtration fraction occur during increase in arterial oxygen tension; oppositely directed changes occur in response to acute anoxia. Sodium excretion varies in the same direction as renal plasma flow. Discussed in text. the glass electrode. Total proteins were determined from plasma specific gravities by the method of Van Slyke and co-workers.'9 Blood volumes were determined, using T-1824, by the method of Noble and Gregersen.20 The mean normal values for total blood and plasma volume are 2900 cc. and 1600 cc., respectively, per square meter of body surface.
Sodium in blood and urine was determined with a Perkin-Elmer internal standard flame photometer model 52-A. RESULTS
The changes in renal circulation, mean blood pressure, and sodium excretion as related to each level of oxygenation are presented in table per cent respectively were reached. These oxygen saturations corresponded to a partial pressure of oxygen of 36 and 29 mm. Hg respectively. Following the administration of 30 per cent oxygen in nitrogen, most of the subjects were restored to normal arterial oxygen saturation. Some, particularly the subjects in heart failure, failed to reach normal arterial oxygen saturations and pressures while breathing the 30 per cent oxygen mixture.
In most of the subjects with cor pulmonale, the arterial carbon dioxide content was greater than normal. The hyperventilation associated I---ITTT with the administration of 16 per cent oxygen usually caused a fall in arterial carbon dioxide content; during 30 per cent oxygen the arterial carbon dioxide content tended to be unchanged or increased.
In 2 of the 3 control subjects there was no significant variation in renal plasma flow or glomerular filtration rate at any new level of oxygenation. In W. K. the administration of 10 per cent oxygen resulted in slight parallel lowing high oxygen, renal plasma flow decreased significantly from control values at room air in all subjects but one (J. Mc.); following low oxygen the renal plasma flow tended to increase but the changes were far less striking than after high oxygen. There was no instance of decrease in renal plasma flow in response to anoxia except in patient S. P., who went into shock. The most marked increases in renal plasma flow occurred when 16 per NA EXCRETED A^EQ/LITER 21 Renal hemodynamics and sodium excretion in subject E. L., who was in heart failure at the time of study. The pattern of response is similar to that observed in patients with cor pulmonale who have recovered from an episode of heart failure ( fig. 1 ). The influence of previous levels of oxygenation on renal plasma flow and sodium excretion are illustrated. Discussed in text. increases in renal plasma flow and glomerular filtration rate above control values. Much more striking was the increase in sodium excretion (39 per cent) (table 2). The renal plasma flow determined under the usual conditions of rest and room air was markedly decreased in the subjects with heart failure. It varied from low to normal values in the subjects with cor pulmonale who were not in failure.
In both of these groups, the pattern of response of the renal plasma flow to variation in level of oxygenation was similar, regardless of the presence or absence of heart failure. Fol-cent oxygen was administered directly following 21 per cent oxygen.When 16 per cent oxygen was administered following an intervening exposure to 30 per cent oxygen, even though renal plasma flow increased as compared with the previous high level of oxygenation, it occasionally failed to exceed control measurements obtained in room air (A. P.). In brief, renal plasma flow appeared to vary inversely with change in oxygen tension ( fig. 3 ). However, no direct proportionality, and even an occasional lack of response to variation in oxygenation, was observed. Only 1 subject (S. P.) who re-sponded to anoxia with a fall in blood pressure, differed significantly from the general pattern of response of renal plasma flow to change in arterial oxygen tension. We made no attempt to establish a critical level of oxygenation for change in renal blood flow because of the small number of observations. The glomerular filtration rate was depressed in the 4 subjects with heart failure, as measured under the usual conditions of rest and room air. It did not vary significantly in them, or in 5 of the 9 subjects who were not in heart failure following change in level of oxygenation. In the other 4 subjects with cor pulmonale (none of whom were in heart failure) signifi-a concomitant fall in blood pressure and renal blood flow. As in the case of the renal plasma flow, the increase in sodium excretion during anoxia was much less marked if a period of 40 cant change took place (-18 to +22 per cent) and the direction of change paralleled but did not exceed the corresponding change in renal plasma flow. The filtration fractions, the ratio of glomerular filtration rate to renal plasma flow, at successive levels of oxygenation are indicated in table 2. Sodium excretion was measured in 2 of the 3 control subjects. There was no significant change following exposure to high oxygen. In the third control subject, W. M., following 10 per cent oxygen, a significant increase occurred without any corresponding increase in filtration rate or renal plasma flow.
In the subjects with cor pulmonale, sodium excretion increased following 16 ,0 ', 6 The changes in sodium excretion were more marked (as were the changes in renal plasma flow) when compared with the immediately preceding level of oxygenation rather than with the original or final control values. The changes in glomerular filtration rate were not consistently related to corresponding changes in sodium excretion. In general, the direction of change in sodium excretion paralleled changes in renal blood flow ( fig. 4 ), but there was no proportionality in degree of change.
The tubular excretory mass (Tm) was studied in 6 subjects at various levels of oxygenation. The load:Tm ratio was adequate in x conducted under similar protocols but not simultaneously, in 7 subjects with cor pulmonale. The renal fraction (per cent of the cardiac output flowing through the kidney) showed a decrease (most marked in A. P. and B. B.) in all subjects but one (J. Mc.) during values in the same direction but varied in degree; 2 other patients, similarly exposed, increased their cardiac outputs without corresponding alteration in renal plasma flow; 5 subjects exposed to high oxygen manifested a considerable fall in renal plasma flow without The lack of absolute correlation between cardiac output and renal plasma flow following change in level of oxygenation is indicated in figure 5 . Thus, in 2 subjects during acute anoxia, both flows increased above control significant change in cardiac output. Renal plasma flow appeared to be much more influenced by the previous level of oxygenation than was the cardiac output. The greatest increase in renal plasma flow during acute anoxia was observed when 16 per cent oxygen was administered directly after 21 per cent without previous exposure to high oxygen concentra-tions. In subject A. P., where exposure to 30 per cent oxygen preceded the 21 and 16 per cent concentrations, the renal plasma flow response to anoxia was depressed below control levels. This sequence also occurred, but to a lesser degree, in subject W. B. In these 2 subjects, there was considerable disparity between the degree of response of the cardiac output and renal plasma flow to the anoxia which followed a previous, but not immediately preceding, exposure to high oxygen concentrations.
In table 6 are presented the contributions of the segmental renal vascular beds to the resistance to blood flow through the kidneys, as calculated by the equations of Gomez.21 ' 22 The data from which these resistances were calculated are included in tables 1 and 2. The total renal resistances and the relative resistances of the afferent, efferent, and venular segments, are similar in the normal subjects and the subjects with cor pulmonale who were not in heart failure. The subjects who were in heart failure during the study had increased total renal resistances to blood flow, chiefly ascribable to increases in afferent arteriolar and venular resistance. In both groups of patients with cor pulmonale the total renal resistance increased following elevation of the level of arterial oxygen saturation. The most marked changes occurred in efferent arteriolar and venular resistances. The changes of renal resistance in response to anoxia were less clearly defined than the changes in response to high oxygen, and were influenced by the previous levels of oxygenation. The total resistance following anoxia remained unchanged or decreased.
In 4 of 5 subjects with marked arterial desaturation, including 2 with heart failure (M. H. and A. D.), no protein could be demonstrated in the urines which were obtained while the subjects were breathing 21 or 30 per cent oxygen. In 1 subject (A. D.), following subsequent exposure to 16 per cent oxygen, proteinuria appeared as detected by boiling and acidification of the urine and confirmed by the biuret reaction. The proteinuria persisted despite the administration of 21 and 30 per cent oxygen. A protein-free urine specimen was ob-tained the next day while the patient was at rest and breathing room air.
The true urine volumes are presented in table 2. The variations observed could not be related to level of oxygenation.
DISCUSSION
We have studied the renal function in two groups of patients with cor pulmonale; one group was in heart failure at the time of study, the other group had recovered from at least one previous episode of heart failure but was not in heart failure at the time of study. Our initial considerations are of measurements made while these chronically anoxic subjects were breathing room air. Subsequently we shall consider the effects of variation of arterial oxygen tension on renal function in these subjects.
Because of pulmonary insufficiency and pulmonary vascular disease, these patients with cor pulmonale are, in certain respects, physiologically different from patients with other types of heart disease. The distinguishing characteristics vary in degree from subject to subject, but include marked arterial oxygen desaturation, polycythemia, frequent increase in cardiac output, and a relatively low peripheral resistance.
These factors may, individually or in combination, influence blood flow through an organ. However, in subjects with cor pulmonale, the advent of heart failure apparently minimizes the influence of these characteristics on the kidney and the renal hemodynamics resemble the hemodynamics described in subjects with heart failure of other cause.23" 29 The renal plasma flow is depressed below normal, the high hematocrits in subjects with cor pulmonale causing a proportionally greater reduction in renal plasma flow than blood flow. The glomerular filtration rate is also reduced, less consistently and to a lesser degree than the renal plasma flow; the filtration fraction (per cent of plasma water filtered at the glomerulus) is consequently increased.
The part played by each of the vascular segments of the kidney in effecting the characteristic reduction in renal plasma flow and increase in the filtration fraction have not been well defined. Constriction of the efferent ar-teriole, with increase in intraglomerular pressure, have been generally implicated as the predominant vasomotor mechanisms of the kidney during heart failure22; to the increase in venous pressure at the vascular outlet of the kidney has been attributed a lesser role. 25 This paramount role generally ascribed to the efferent arteriole in determining the resistance of the kidney to blood flow in the presence of heart failure is open to question. The hemodynamic principles which govern the flow of blood through the kidney have been presented by Gomez.24 Formulas derived by him from these principles have been utilized for the calculation of segmental renal vascular resistances in subjects with congestive heart failure, including our subjects with cor pulmonale.2' These results suggest that the afferent arteriole is the site of predominant intrarenal vasoconstriction, the efferent arteriolar and venular resistances apparently contributing in lesser degree to the increase in total renal resistance to blood flow.2' After clinical recovery from heart failure the subjects with cor pulmonale often have persistent diminution in renal function, chiefly, but not solely, manifested by decreased renal plasma flow. Glomerular filtration rate is less consistently depressed. A similar depression of renal function has often been noted in patients who have clinically recovered from heart failure of other cause, for example, rheumatic fever. 22 The cause for these impaired renal functions after restoration of cardiac compensation is not known. Since comparable studies of renal function were not performed in our subjects prior to the onset of heart failure, we cannot state whether the impaired functions are due to emotional factors initiated by the study,'' clinically unrecognizable renal disease, arteriosclerotic or degenerative changes of the kidneys, or the previous heart failure. For example, one control subject, W. K., with no overt evidence of intrinsic renal disease, was found to have a depression of renal blood flow similar to that observed in our compensated cardiac patients. The diminution in renal function incident to advancing age has recently been stressed by Davies and Shock.26 We at-tempted to compare renal function in our subjects with the younger anoxic and polycythemic subjects of Scott and Elliott.27 The difference in age distribution between the two groups constitutes a significant barrier to any such comparison.
We have indicated above that, because of the high hematocrits, the depression of renal plasma flow below normal is more striking than depression in renal blood flow. The effect of polycythemia (in the presence of normal serum protein concentrations) on the resistance to flow of blood through the kidney is difficult to evaluate. Scott and Elliott27 believed that polycythemia caused preferential increase in resistance to flow in the efferent arteriolar or postglomerular segments. This interpretation is difficult to reconcile with the normal or elevated renal blood flows in their subjects. Selkurt2' found that alteration in viscosity induced by rapid whole blood transfusion in dogs had little effect on their renal blood flow. One of our subjects (A. P.), who had a series of severe and almost exsanguinating epistaxes during the week prior to study, manifested a persistent reduction in renal plasma and blood flow despite severe anemia and freedom from heart failure. These observations suggest that the reduction in renal blood flow is apparently determined by factors other than increased red cell mass per se.
Most of the subjects with chronic congestive heart failure of more common cause (arteriosclerotic, rheumatic, hypertensive, etc.) have reduced cardiac outputs; peripheral vasoconstriction serves to maintain their mean blood pressure at normal levels. The renal blood flow is reduced more than the cardiac output by preferential vasoconstriction of the renal vessels. 29 As indicated above, the same general pattern of kidney function exists in subjects with cor pulmonale who develop heart failure. despite the presence of a high cardiac output. In this group of patients the peripheral resistance is comparatively lower than in the group with low cardiac output failure but the selective deviation of blood away from the kidney is still manifest.
The diminution in blood flow through the kidney is accomplished by constriction of the vascular segments of the kidney, chiefly the afferent and venular (postefferent arteriolar) segments. Although the afferent arteriolar vasoconstriction found in subjects with heart failure resembles that observed in essential hypertension,2' no significant hypertension is usually associated with heart failure. Our results suggest that the afferent arteriolar segments of the kidney participate, as do the arterioles elsewhere in the body, in the systemic vasoconstriction which characterizes congestive he irt failure. The efferent arterioles of the kidney respond similarly but to a lesser degree. The increased venular resistance (the resistance to flow between the efferent arteriole and the inferior vena cava) is believed to be caused not only by the elevation of the venous pressure per se, but also by an increase in the interstitial pressure of the kidney.2' The three groups of patients (2 with cor pulmonale and 1 control) included in this study were exposed to various consecutive levels of oxygenation. Our purposes in acutely inducing or relieving anoxia were indicated above. We recognize that our evaluation of the sequelae of acute anoxia (to be presented below) has not dissociated the contribut on of the depression of arterial carbon dioxide partial pressure increase in blood pH, and compensatory hyperventilation from the effects of acute oxygen lack. Similarly, in the consideration of the results of increase in arterial oxygen saturation we have not identified in detail the role of the depression of respiration usually associated with the relief of anoxia. The influence of tissue metabolites and enzyme systems induced by the conditions of our experiments also evades analysis. The significance of these various collateral effects in mediating the circulatory phenomena which result from acute change in level of oxygenation are difficult to assess. For example, McCance and Widdowson30 found that hyperventilation (a usual side effect of acute anoxia in our subjects) was capable in normal subjects of causing an increased excretion of sodium and potassium. Consequently the data recorded by us during acute variation in the level of oxygenation reflect not only the direct results of oxygen increase or lack, but also the concomitant results of variation in local tissue factors and blood carbon dioxide tensions.
MWith this reservation in mind, the general pattern of response to anoxia in the subjects with cor pulmonale, regardless of the state of cardiac sufficiency, seemed consistent. During acute anoxia, there was no decrease in renal plasma flow or sodium excretion except in the 1 subject who sustained partial circulatory collapse while breathing a 16 per cent oxygen mixture. The other subjects responded to anoxia by an increase in renal plasma flow and sodium excretion above the values recorded at the previous level of oxygenation.
The glomerular filtration rate showed a more variable response, frequently an increase. These patterns are sKmilar to those observed in normal subjects by Berger and co-workers,' and in patients with congestive heart failure due to valvular disease by Aas and Blegen.1' It is clinically recognized that the chronic anoxia associated with chronic pulmonary or congenital cardiac disease does not, per se, lead to edema. The increase in sodium excretion and renal blood flow observed in our chronically anoxic subjects during exposure to low oxygen tensions is diametrically opposed to the renal ischemia and sodium retention regularly associated with heart failure. These findings in anoxic subjects who are virtually or potentially in heart failure suggest that anoxia, per se, plays little role in the precipitation or furthering of the congestive state.
Epinephrine has been suggested as the mediator of the circulatory responses to anoxia.32' " The effects of epinephrine on the hemodynamics of the kidney are available elsewhere,21, 22 and include renal ischemia and increased resistance to flow. Renal ischemia and increased resistance did not occur following anoxia, suggesting that epinephrine plays no significant role in the renal response to anoxia.
The factors responsible for the increased sodium excretion during acute anoxia are not known. The significance of hyperventilation30 has been presented above. Burrill, Freeman, and Ivy exposed normal subjects to simulated altitude and described an increase in the excretion of sodium and potassium in the urine during acute anoxia.34 They concluded that this electrolyte pattern excluded a significant role of the adrenal cortex in the response to acute anoxia. Despite the temporary increase in sodium excretion during the two hours of the exposure to altitude, the total 24 hour sodium excretion was not increased above control values.
Although there is a general trend in cor pulmonale for sodium excretion and renal blood flow to vary in the same direction, there is no direct proportionality in their responses to variation in level of oxygenation. It seems probable that both are responding to a stimulus associated with the acute aggravation or relief of anoxia. Despite the established influence of other hemodynamic phenomena, such as elevation of venous pressure on sodium excretion by the kidney, we cannot relate sodium excretion to renal plasma flow except possibly through the medium of the glomerular filtration rate. However, the glomerular filtration rate in this study had no consistent relation to sodium excretion. The venous pressure, as measured in the right auricle6 did not significantly vary in these experiments, thus excluding another factor capable of influencing sodium excretion. The intimate mechanisms causing variation in sodium excretion in these subjects were not identified.
The partial or complete restoration of arterial oxygen tensions to normal by the administration of gas mixtures rich in oxygen had a more marked and consistent effect on renal blood flow than did the augmentation of anoxia by use of oxygen-poor mixtures. As normal arterial oxygen tensions were approached, renal blood flow fell and renal resistance to flow increased. The depressant effect of increased oxygenation on renal blood flow suggests that in these chronically anoxic subjects renal blood flow was increased in response to oxygen lack; the relatively high oxygen requirements of the kidneys are thus apparently met by polycythemia, small renal arteriovenous oxygen difference, and a sustained increase in renal blood flow. The acute relief of anoxia accomplished by exposure to high oxygen tensions apparently removes the stimulus for renal hyperemia. The depressant effect of increased oxygen tensions on renal blood flow persisted even after the patients were again allowed to become anoxic by exposure to room air. It was previously indicated that aggravation of anoxia by exposure to low oxygen tensions generally increased renal blood flow; the effect of acute anoxia was minimized by an antecedent exposure to high oxygen tensions. The mechanism for the persstent depression of renal blood flow by increased oxygenation in these subjects is not clear.
At least three factors suggest themselves as possible mechanisms for alteration in renal blood flow in response to change in level of oxygenation: (1) parallel changes in blood pressure, (2) parallel and passive changes in renal blood flow and cardiac output, and (3) alteration in the capacity of the renal tubule to extract PAH from the circulating blood, thus invalidating the use of uncorrected renal clearances as measurements of renal plasma flow.
There were no consistent changes in the systemic blood pressure (the perfusion pressure of the kidney) in response to variation in oxygenation.
In view of the previously demonstrated capacity of the kidney to influence its blood flow autonomously," it appeared unlikely that renal blood flow would mirror changes in cardiac output. Our data (renal fractions and resistances) indicate that blood flow through the kidney is not a passive phenomenon which is solely determined by the output of the heart. Although cardiac output and renal blood flow tend to vary in the same direction in response to variation in level of oxygenation,6 the degrees of change are not proportional and often one changes without the other. The cardiac output may contribute to but does not determine the response of the renal blood flow to acute change in oxygenation.
The validity of our measurement of the renal plasma flow by PAH clearance at successive levels of oxygenation, employing subjects with and without heart failure, depends on the integrity of the extraction ratio for PAH under these circumstances. Merrill and Cargill35 and others"6 have determined the extraction ratios of PAH in subjects with heart failure and were unable to demonstrate any significant difference from values obtained in normal subjects. We studied 5 subjects with cor pulmonale in heart failure who were at rest and breathing room air. In 2 the extraction ratios were somewhat lower than normal; in 3 the extraction ratios were normal. Variation of the level of oxygenation in 2 of the subjects failed to cause any significant change in the extraction ratios. It therefore appears that clearance technics dependent on the extraction of PAH by the tubules are valid measurements of renal plasma flow despite variation in oxygenation.
Tubular function is generally believed to be well maintained in heart failure, as manifested by the ability of the kidney to elaborate a concentrated urine36 and by the normal extraction ratios. Heller and Jacobson cast doubt on this general impression by their observations that the maximum tubular excretory capacity for PAH (TmPAH) was reduced in heart failure and returned to normal with restoration of cardiac compensation.23 They ascribed the reduction in Tm to the presence of anoxia.
We were able to determine the TmpAH successfully at various levels of oxygenation in 4 of our subjects (including 1 control and 3 with cor pulmonale, of whom 1 was in heart failure).
The control values for all subjects obtained while they were breathing room air were within normal limits (77.5 i 12.9)37; the TmPAH prior to the onset of heart failure in subject M. H. was not determined. There was no significant change in TmPAH in response to anoxia or increased arterial oxygen tensions. Scott and El-liott27 have reported normal TmPAH in their chronically anoxic subjects with congenital cardiac disease. These combined observations suggest that the depression of TmPAHR observed by Heller and Jacobson23 in heart failure is probably not caused by anoxia per se. This preservation of tubular transport integrity during acute and chronic anoxia is of further interest because of the marked influence of anoxia on tubular enzyme systems in vitro.38
Diuresis' and oliguria32 have been reported to occur during exposure to acute anoxia in man. The variable factors which influence the effects of anoxia on kidney function have been reviewed by Smith,22 and include anxiety, degree and duration of anoxia, anesthesia, and other factors. The significance of these individual factors in the experiments reported from different laboratories cannot be evaluated. In our experiments, despite marked variation in oxygen tension, we could demonstrate no diuretic effect other than that due to water hydration during the study.
Albuminuria appeared in only 1 chronically anoxic subject with heart failure (A. D.) during the severe arterial oxygen desaturation caused by the inhalation of 16 per cent oxygen. Albuminuria did not appear in other subjects similarly exposed, despite more marked arterial oxygen desaturation. Whether the albuminuria in subject A. D. reflected increased capillary permeability (due to anoxia or increased intraglomerular pressure) or diminished tubular reabsorption of protein cannot be stated with certainty. The capillaries of the kidney are apparently well protected against damage by anoxia. The extreme venous oxygen desaturation required for capillary injury is pre-vented39 40 by the high oxygen environment of the kidney, which is in turn maintained by the low arteriovenous oxygen difference, polycythemia and increased renal blood flow. In our subject, A. D., albuminuria may reflect, perhaps in part, the failure of at least one of these compensatory mechanisms (renal hyperemia) to occur. SUMMARY 1. Renal function and sodium excretion were studied in two groups of patients with cor pulmonale; one group was in heart failure at the time of study and the other had recovered from at least one previous episode of heart failure.
2. As in subjects with heart failure of other etiology, renal plasma flow is characteristically reduced and the filtration fraction increased. The afferent arteriole is demonstrated to be the site of major segmental resistance to blood flow through the kidney during heart failure.
3. Persistent impairment of kidney function was present despite recovery from heart failure. The possible causes are discussed.
4. The acute aggravation and relief of an-oxia were induced in order to investigate compensatory mechanisms which exist in these chronically anoxic subjects. Relief of anoxia depressed renal blood flow; increase of anoxia by means of gas mixtures low in oxygen content tended to increase renal blood flow. Sodium excretion paralleled renal plasma flow in direction but not in degree. Anoxia apparently plays little role in the genesis of heart failure. 5. The cardiac output contributes to but does not solely determine the blood flow through the kidney during variation in level of oxygenation. The renal response to anoxia is not mediated by epinephrine.
6. The renal extraction ratios for PAH were unchanged at the various levels of oxygenation, validating the use of PAH as a measurement of renal plasma flow under these conditions. 7. The TmpAH was not affected by change in level of oxygenation. The implications of this finding are presented.
8. Albuminuria appeared in 1 subject following severe arterial oxygen desaturation. The mechanisms by which the kidney adapts to chronic anoxia are discussed.
